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Abstract
The effective Lagrangian formalism provides a way to study the new physics effects at the
electroweak scale. We study the Higgs pair production via the vector-boson fusion (VBF) at
the Large Hadron Collider within the framework of the effective field theory. The effects from
the dimension-six operators involved in the VBF Higgs pair production, particularly OΦ,2
and OΦ,3 which are relevant to the triple Higgs self-coupling, on the integrated cross section
and various kinematic distributions are investigated. We find that the distributions of Higgs
pair invariant mass, Higgs transverse momentum and rapidity are significantly altered by the
operators OΦ,2 and OΦ,3. These features are helpful in disentangling the contributions from
the operators OΦ,2 and OΦ,3 in triple Higgs self-coupling. We also provide the 5σ discovery
and 3σ exclusion limits for the coefficients of OΦ,2 and OΦ,3 by measuring the VBF Higgs
pair production process including the sequential H → bb¯ decays at the 14 TeV LHC.
PACS: 14.80.Bn, 12.60.Fr, 12.60.-i
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1 Introduction
After the discovery of the 125 GeV Higgs boson, the next important step is to perform detailed
study of this new boson [1,2]. The Higgs self-couplings are extremely significant for understand-
ing the electroweak symmetry breaking (EWSB). The Standard Model (SM) contains triple and
quartic Higgs self-couplings. The measurement of the quartic Higgs self-coupling is a serious
challenge even at the foreseen collider, such as the Future Circular Collider in hadron-hadron
mode (FCC-hh) with colliding energy of 100 TeV [3, 4], while the triple Higgs self-coupling is
accessible through the Higgs boson pair production at the Large Hadron Collider (LHC) and the
FCC-hh [5,6]. The searches for Higgs boson pair production performed by the ATLAS and CMS
collaborations have shown that the upper limit of its cross section is corresponding to dozens
times of the SM prediction [7], and there is still room left for a beyond Standard Model (BSM)
interpretation.
Since we do not know the specific form of the BSM theory and no new particle BSM has
been observed, we can investigate the new physics by adopting the effective field theory (EFT)
approach [8]. In an EFT the SM is considered as an effective low-energy theory, while the
higher dimensional interaction terms appear in the Lagrangian providing an adequate low-energy
description for the physics BSM. Actually, the effects from many new physics models arise to the
first approximation at the level of dimension-six operators [9], and that makes it a very popular
EFT approach for LHC searches of BSM.
In the SM the gluon-gluon fusion (GGF) mechanism provides the largest cross section contri-
bution for the Higgs pair production [10]. The effects of dimension-six operators on GGF Higgs
pair production have been studied in Refs. [11–19]. The vector-boson fusion (VBF) Higgs pair
production mechanism yields the second largest cross section and offers a clean experimental
signature of two centrally produced Higgs bosons with two hard jets in the forward/backward
rapidity region [20]. In this work we investigate the details of the VBF Higgs pair production
at the
√
S = 13, 14 TeV LHC so as to derive information regarding the dimension-six operators
relevant to Higgs couplings. The paper is organized as follows: In Section 2, we introduce the
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dimension-six operators concerned in VBF Higgs pair production at the LHC. Section 3 presents
the calculation and analysis strategies. The numerical results and discussion are illustrated in
Section 4. Finally a short summary is given in Section 5.
2 Theoretical Framework
Assuming baryon and lepton number conservation, the full EFT Lagrangian takes the form
as [8, 21,22]
Leff = LSM +
∑
i
f
(6)
i
Λ2
O(6)i +
∑
i
f
(8)
i
Λ4
O(8)i + · · · , (1)
where Λ is the large scale of a given BSM theory, the experimental bounds on neutrino masses
indicate a strong suppression by Λ ∼ 1014 GeV [23]. LSM is the SM Lagrangian, O(n)i (n =
6, 8, ...) stand for the dimension-n operators that respect the SM gauge invariance, and f
(n)
i are
dimensionless running as functions f
(n)
i (µ) of the renormalization group (RG) scale µ [21, 24].
The nonrenormalizable higher dimensional operators induce the partial-wave unitarity violation
by leading to rapid growth of the scattering amplitudes with the energy. Once the coefficients
f
(n)
i are fixed, this fact constrains the energy range where the low-energy EFT is valid [25]. In
this EFT the lowest order operators that describe the new physics are dimension-six operators.
In the LHC physics at the present phase, the operators with dimension larger than six are
generally only sub-leading with respect to the dimension-six operators and can be neglected,
excepting some cases with special symmetry constructions [26]. For simplicity, as a first step we
adopt the single dominance hypothesis that all the anomalous couplings except the dimension-
six operators are zero in this work. This assumption might be valid in a variety of BSM theories,
e.g., in strongly interacting BSM theories, the pure dimension-eight operators at the amplitude
level will interfere with the weakly SM amplitude at the cross section level, thus, giving a natural
suppression in comparison with the strongly AO(6) × AO(6) contributions, and the technically
contributions of dimension eight at the cross section level due to O(6) ×O(6) contributions can
be neglected.
The tree-level VBF Higgs pair production at the LHC involves the fermion gauge couplings,
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Higgs gauge couplings and triple Higgs self-coupling. Since the fermion gauge couplings are in
agreement with the SM predictions at the per mil level and the operators that modify these
couplings are severely constrained [27, 28], we neglect the new physics effect on the fermion
gauge couplings. Considering the C and P conservation, there are nine dimension-six operators
which modify the Higgs gauge couplings and Higgs self-couplings. We expressed these operators
in the forms as [25]
OΦ,1 = (DµΦ)†ΦΦ†(DµΦ), OΦ,2 = 1
2
∂µ(Φ†Φ)∂µ(Φ†Φ),
OΦ,3 = 1
3
(Φ†Φ)3, OΦ,4 = (DµΦ)†(DµΦ)(Φ†Φ),
OB = (DµΦ)†Bˆµν(DνΦ), OW = (DµΦ)†Wˆ µν(DνΦ),
OBB = Φ†BˆµνBˆµνΦ, OWW = Φ†WˆµνWˆ µνΦ, OBW = Φ†BˆµνWˆ µνΦ, (2)
where Φ stands for the SM Higgs doublet
Φ =
(
G+
v+H+iG0√
2
)
, (3)
G+ and G0 are charged and neutral Goldstone bosons, respectively, v denotes the vacuum
expectation value (VEV), H is the SM Higgs boson, Wˆµν = i
g
2σ
aW aµν and Bˆµν = i
g′
2 Bµν with g
and g′ being the SU(2)L and U(1)Y gauge couplings, respectively, and σa (a = 1, 2, 3) are the
Pauli matrices.
The dimension-six operators in Eq.(2) are classified into three sets,
A = {OBW , OΦ,1}
B = {OB , OW , OBB , OWW }
C = {OΦ,2, OΦ,3, OΦ,4} . (4)
The operators in set A (i.e., OBW and OΦ,1) contribute to the oblique electroweak precision
parameters S and T at tree level [29]. The measurements of S and T lead to stringent bounds
on the two operators, and thus it is reassuring to neglect the effects from OBW and OΦ,1 [30].
The operators in set B are related by two equations of motion of Higgs and electroweak gauge
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bosons [21,27], therefore only two of them are independent operators. The operators OΦ,2, OΦ,3
and OΦ,4 in set C are related to another dimension-six operator OΦ,f by an equation of motion
of Higgs, electroweak gauge bosons and fermions [15,21], where OΦ,f is given by
OΦ,f = (Φ†Φ)(f¯LΦfR) + h.c., (5)
and fL and fR are SU(2)L doublet and singlet fermions, respectively. It implies that each
operator in set C can be expressed in terms of the other two operators in set C and OΦ,f . Based
on above mentioned facts, only four independent dimension-six operators are considered in the
VBF Higgs pair production, which are chosen as OBB , OWW , OΦ,2 and OΦ,3 in this paper.
As shown in Eq.(2), OBB and OWW consist of two Higgs doublets and two gauge field
strengths and thus affect the Higgs gauge couplings, while OΦ,2 and OΦ,3 consist of only Higgs
doublets and modify only the Higgs self-couplings. In the following, we investigate the effects
from these four operators on the VBF Higgs pair production at the LHC, particularly the latter
two operators which modify the triple Higgs self-coupling. The related EFT Lagrangian up to
dimension-six operators is written as
Leff = LSM +
∑
i
CiOi, (6)
where the coefficient Ci = f (6)i /Λ2 and Oi represents operator OBB , OWW , OΦ,2 or OΦ,3. The
operator OΦ,2 modifies the Higgs kinetic term as
1
2
(
1 + v2CΦ,2
)
∂µH∂µH. (7)
We redefine Higgs boson field as
(
1 + v2CΦ,2
) 1
2 H to obtain canonical form of the Higgs kinetic
term. This redefinition shifts all Higgs couplings with SM particles and Higgs boson mass. The
effective Higgs potential is given by
Veff(Φ) = VSM(Φ)− 1
3
CΦ,3(Φ†Φ)3
= −µ2Φ†Φ+ λ
4
(Φ†Φ)2 − 1
3
CΦ,3(Φ†Φ)3, (8)
where the additional term −13CΦ,3(Φ†Φ)3 is induced by the operator OΦ,3. This additional term
modifies the minimum of the Higgs potential as well as the relation between λ, v and Higgs mass
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MH . Consequently, up to the linear order in the coefficients CΦ,2 and CΦ,3, the Higgs boson mass
reads
M2H =
1
2
λv2
(
1− v2CΦ,2 − 2
λ
v2CΦ,3
)
. (9)
For the VBF Higgs pair production at a proton-proton collider, the operators OBB , OWW
and OΦ,2 shift theHV V and HHV V Higgs gauge couplings, and both OΦ,2 and OΦ,3 modify the
HHH Higgs self-coupling. The redefinition of the Higgs field induced by OΦ,2 contributes a fac-
tor
(
1− v22 CΦ,2
)
to theHGV Higgs-Goldstone-gauge-boson couplings. The effective Lagrangian
for HV V and HHV V interactions are written as [25]
LHV Veff = gHAAHAµνAµν + gHZAHAµνZµν + g(1)HZZHZµνZµν + g(2)HZZHZµZµ
+ g
(1)
HWWHW
+
µνW
−µν + g(2)HWWHW
+
µ W
−µ,
LHHV Veff = gHHAAH2AµνAµν + gHHZAH2AµνZµν + g(1)HHZZH2ZµνZµν
+ g
(2)
HHZZH
2ZµZ
µ + g
(1)
HHWWH
2W+µνW
−µν + g(2)HHWWH
2W+µ W
−µ, (10)
with Vµν = ∂µVν − ∂νVµ (V = A,Z,W±). The corresponding coupling constants are given by
gHAA = −s
2
W
4
g2v
(
CBB + CWW
)
, gHZA =
sW
2cW
g2v
(
s2WCBB − c2W CWW
)
,
g
(1)
HZZ = −
1
4c2W
g2v
(
s4WCBB + c4W CWW
)
, g
(2)
HZZ =
1
4c2W
g2v
(
1− v
2
2
Cφ,2
)
,
g
(1)
HWW = −
1
2
g2v CWW , g(2)HWW =
1
2
g2v
(
1− v
2
2
Cφ,2
)
, (11)
and
gHHAA = −s
2
W
8
g2
(
CWW + CBB
)
, gHHZA = − sW
4cW
g2
(
c2W CWW − s2WCBB
)
,
g
(1)
HHZZ = −
1
8c2W
g2
(
c4WCWW + s4WCBB
)
, g
(2)
HHZZ =
1
8c2W
g2
(
1− v2Cφ,2
)
,
g
(1)
HHWW = −
1
4
g2 CWW , g(2)HHWW =
1
4
g2
(
1− v2Cφ,2
)
, (12)
where sW = sin θW , cW = cos θW , θW is the weak mixing angle, g = e/ sin θW , and e represents
the electric charge of positron. The effective Lagrangian for triple Higgs self-interaction has the
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form as
LHHHeff = g(1)HHHH3 + g(2)HHHH(∂µH)(∂µH), (13)
with
g
(1)
HHH = −
λ
4
v +
3λ
8
v3 Cφ,2 + 5
6
v3 Cφ,3, g(2)HHH = v Cφ,2. (14)
3 Description of calculations
Now we calculate the effects of the dimension-six operators OBB , OWW , OΦ,2 and OΦ,3, which
govern the VBF Higgs pair production at the LHC. The precision analysis of the VBF Higgs pair
production process shows that the NLO QCD correction is of the order of 5− 10% and reduces
the scale uncertainty of the LO integrated cross section to a few percent [10,31]. In our analysis
the NLO QCD corrections are included for the purpose of more precise predictions. We perform
the LO and NLO QCD calculation by using our developed MadGraph5 package [32], in which
we add the codes for calculating in the EFT theory. The Feynman rules and model files of
the EFT Lagrangian are obtained using FeynRules [33]. The relevant coupling constants in the
EFT are listed Eqs.(11), (12) and (14). Fig.1 shows the topologies for pure electroweak (EW)
production of HH +2 jets in parton level at proton-proton colliders [10], where V = (W, Z, γ),
and G denotes the Goldstone boson G+ or G0. In Figs.1(1-3), the Higgs pair are produced
in s-channel, known as double Higgs-strahlung mechanism. The VBF Higgs pair production
mechanism is shown in Figs.1(4-9), where Higgs pair can be produced through either t-channel
or u-channel. The clear experimental signature of two widely separated jets and two centrally
produced Higgs bosons of the VBF mechanism offers a good background suppression [20]. The
s-channel contribution tends to be sufficiently suppressed by imposing the VBF cuts [34,35]. In
order to significantly suppress the backgrounds of the VBF Higgs pair production signature, we
apply the typical VBF cuts as [34]
pTj ≥ 20 GeV, |yj| ≤ 4.5, yj1yj2 < 0, ∆yj1j2 = |yj1 − yj2 | > 4, Mj1j2 > 600 GeV, (15)
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Figure 1: The topologies of Higgs pair production at parton level at a proton-proton collider.
The diagrams with external Higgs line exchange in Figs.1(3), (6) and (9) are not drawn.
where pTj and yj are the transverse momentum and rapidity of the final jet, and Mj1j2 is the
invariant mass of the final two jets.
4 Numerical results and discussion
4.1 Input parameters
We adopt the five-flavor scheme and neglect the masses of u-, d-, c-, s-, b-quark in initial parton
convolution. From Eq.(9) we obtain
λ =
2
v2
(
M2H +M
2
Hv
2CΦ,2 + v4CΦ,3
)
, (16)
where v has the same value as in the SM. In the numerical calculation, we use the MSTW2008(68%
C.L.) PDFs [36]. The SM input parameters are taken as [37]
MZ = 91.1876 GeV, MW = 80.385 GeV, MH = 125.09 GeV,
Gµ = 1.1663787 × 10−5 GeV−2, (17)
and thus v =
(√
2Gµ
)− 1
2 = 246.22 GeV. In this paper, we set the factorization and renor-
malization scales to be equal, i.e., µF = µR = µ. For the VBF process, we usually adopt the
double-valued scale scheme in the LO calculation, i.e., set µ = Q1 and Q2, the momentum
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transfers of the two t/u-channel weak gauge-bosons radiated off the two quark lines, in the
PDF convolutions of the two incoming protons, respectively. However, this scale choice would
be unambiguous at the QCD NLO due to the presence of the non-VBF virtual contribution 1.
Therefore, analogous to Ref. [38], we adopt a single-valued scale defined as
µ(pH1T , p
H2
T ) =
[
MH
2
√
M2H
2
+
(
pH1T
)2
+
(
pH2T
)2]1/2
(18)
in our calculation. This dynamical scale is dependent on the transverse momenta of the two final
Higgs bosons and close to
√
Q1Q2. For comparison, we calculate the integrated cross sections
and the transverse momentum distributions of the two final Higgs bosons at the QCD NLO by
adopting the structure function approach [39] 2 and setting µ =
√
Q1Q2 and µ = µ(p
H1
T , p
H2
T )
separately, and find that the differences from the two scale choices are less than 2%.
Recently, an analysis of the LHC Run I measurements related to the Higgs and electroweak
gauge sector combining with the triple gauge vertex results from LEP data in the framework of
an effective Lagrangian has been given in Ref. [40]. There the authors update the constraints
on the coefficients of dimension-six operators, and present the allowed 95% C.L. ranges of the
coefficients CBB , CWW and CΦ,2 as
CBB ∈ [−3.3, 6.1] TeV−2, CWW ∈ [−3.1, 3.7] TeV−2, CΦ,2 ∈ [−7.2, 7.5] TeV−2. (19)
There they do not introduce ad-hoc form factors to dampen the scattering amplitude at high
energies because they verified that there is no partial-wave unitarity violation in the different
channels for the values of the Wilson coefficients in the 95% C.L. allowed regions, except for very
large and already ruled out values of fB. The operator OΦ,3 only affects the Higgs self-couplings
which are largely untested so far, and therefore the coefficient CΦ,3 is essentially unconstrained
[7, 30]. In our analysis we follow the way used in Ref. [40] without introducing form factors.
1This non-VBF contribution is sufficiently small if the VBF cuts are applied.
2The scales Q1 and Q2 can be properly defined in the structure function approach at both LO and QCD NLO.
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4.2 Integrated cross sections
We calculate the LO integrated cross sections for the HH+2 jets in the SM at the 14 TeV LHC
with the scale µ = MH , VBF cut constraints of Eq.(15) and the input parameters in Eq.(17).
The LO cross section contributed by all the s-, t- and u-channel diagrams in Fig.1 is obtained
as σ(s+t+u) = 0.808(2) fb, while the cross section from only the t- and u-channel diagrams (i.e.,
the VBF diagrams) is σ
(t+u)
cuts = 0.807(2) fb. We see that those two numerical results are in
good agreement with each other within the calculation errors. It ensures that we can ignore the
s-channel diagrams, i.e., consider only the VBF diagrams, if the VBF cuts of (15) are applied.
In order to check the correctness of our calculations, we perform the QCD NLO calculations
of the VBF Higgs pair production process at the 14 TeV LHC in the SM by taking the input
parameters as listed in Eq.(17), the constraints in Eq.(15) and µ =MH . We obtain our numerical
results as σNLO = 0.867(2) fb by using MadGraph5 package [32], and σNLO = 0.864(2) fb by
applying VBFNLO program [41]. Both numerical results are consistent with each other within
statistic errors.
To estimate missing scale uncertainty of the integrated cross section for the VBF Higgs pair
production process, we set µ = κµ0 where µ0 = µ(p
H1
T , p
H2
T ), and vary κ in the range of [1/4, 4]
as suggested in Ref. [31]. By taking the VBF cuts shown in Eq.(15) we obtain the central values
of the LO and NLO corrected integrated cross sections at κ = 1 with the errors due to scale
uncertainty at the 14 TeV LHC as σSMLO = 0.822
+0.166
−0.123 fb, and σ
SM
NLO = 0.878
+0.010
−0.019 fb separately.
We see that the scale uncertainty of NLO is much smaller than the LO. In following analysis we
shall focus on the discussion based on the QCD NLO corrected results by taking µ = µ0 unless
stated otherwise.
As mentioned in section 2, only the dimension-six operators in the following reduced sets are
considered for the VBF Higgs pair production at the LHC:
B = {OBB , OWW}, C = {OΦ,2, OΦ,3} . (20)
The constraints on the coefficients CBB and CWW are substantially more stringent than on
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CΦ,2 and CΦ,3 [40], and the latter two coefficients directly modify the Higgs self-couplings. In
this subsection, we investigate the influence on the integrated cross section from each of the four
dimension-six operators, and also analyze the joint effect from the two operators in each reduced
set in Eq.(20).
In Figs.2(a) and (b) we display the contour maps of the relative discrepancies of the in-
tegrated cross section, defined as δ(Ci, Cj) =
[
σ(Ci, Cj)− σSM
]
/σSM (in percent), on the CBB-
CWW and CΦ,2-CΦ,3 planes, separately. Fig.2(a) shows that most contour-lines of the relative
discrepancy δ(CBB , CWW ) are nearly parallel to the CBB-axis, and δ(CBB , CWW ) can exceed 28%
in the whole plotted CBB region (−3.3 TeV−2 6 CBB 6 6.1 TeV−2) if CWW > 3.4 TeV−2.
Fig.2(b) indicates that δ(CΦ,2, CΦ,3) runs up to the value beyond 1050% in the region of (CΦ,2 >
7.0 TeV−2, CΦ,3 > 7.0 TeV−2). We can see that δ(CBB , CWW ) is less sensitive to both CBB and
CWW , while δ(CΦ,2, CΦ,3) is particularly sensitive to both CΦ,2 and CΦ,3. The variation range
of δ(CΦ,2, CΦ,3) is about 30 times larger than that of δ(CBB , CWW ). That means the measure-
ment of the cross section for the VBF Higgs pair production is more suitable for ascertaining
the limitation ranges of the coefficients CΦ,2 and CΦ,3. Figs.2(a) and (b) also show that there
exist some regions on the CBB-CWW and CΦ,2-CΦ,3 planes, respectively, in which δCBB ,CWW and
δCΦ,2,CΦ,3 become negative, which is due to the destructive interference between the SM and the
anomalous coupling amplitudes.
The dependence of the integrated cross section and the relative discrepancy δCi , defined as
δCi = (σCi −σSM)/σSM, on each coefficient Ci ∈ {CBB , CWW , CΦ,2, CΦ,3} at the 14 TeV LHC are
provided in Figs.3(a) and (b), respectively, where the single operator dominance hypothesis is
employed, i.e., the other three coefficients Cj 6=i are set to zero in discussing the Ci dependence.
The two figures clearly show that the effect from the operator OBB is negligible and δCBB ∼ 0 in
the range of −3.3 TeV−2 6 CBB 6 6.1 TeV−2. The effect from OWW is also heavily constrained
by experiments and |δCWW | < 34.4% as CWW ∈ [−3.1, 3.7] TeV−2. However, the integrated
cross section is particularly sensitive to both CΦ,2 and CΦ,3 separately. The relative discrepancies
δCΦ,2 and δCΦ,3 increase remarkably as the increment of CΦ,2 and CΦ,3 when CΦ,2, CΦ,3 > 0, and
11
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Figure 2: The dependence of the relative discrepancy δ(Ci, Cj) on the coefficients Ci and Cj for the
VBF Higgs pair production at the 14 TeV LHC. (a) Ci, Cj = CBB , CWW . (b) Ci, Cj = CΦ,2, CΦ,3.
reach 357.9% and 197.3%, respectively, at CΦ,2 = CΦ,3 = 7.5 TeV−2.
To demonstrate the effects from the dimension-six operators OBB , OWW , OΦ,2 and OΦ,3 on
the VBF Higgs pair production more clearly, we also list the numerical results of the integrated
cross sections and the corresponding relative discrepancies for some typical values of CBB , CWW ,
CΦ,2 and CΦ,3 at the
√
S = 13, 14 TeV LHC within the single operator dominance hypothesis
in Table 1. As shown in the table and above figures, we can see that the relative discrepancies
caused by the operators OBB and OWW are generally much smaller than those by the operators
OΦ,2 and OΦ,3 in most of the experimentally allowed regions of the corresponding coefficients
Ci. We conclude that the operators OBB and OWW have less influence on the VBF Higgs pair
production at the LHC. Therefore, in the further numerical calculations we set CBB = CWW = 0,
and consider only the effects induced by the operators OΦ,2 and OΦ,3 on the integrated cross
section and kinematic distributions.
As mentioned in the above discussion, the OΦ,2 and OΦ,3 dimension-six operators, which
are relevant to the VBF Higgs pair production process at the LHC, can obviously modify the
SM predicted integrated cross section, if the new physics really exists. To further explore the
discovery and exclusion potential for the signals of the two operators, we adopt the 5σ discovery
12
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Figure 3: The dependence of (a) the integrated cross section and (b) the relative discrepancy
of the VBF Higgs pair production at the 14 TeV LHC on CBB , CWW , CΦ,2 and CΦ,3 within the
single operator dominance hypothesis.
CBB
[TeV−2]
CWW
[TeV−2]
CΦ,2
[TeV−2]
CΦ,3
[TeV−2]
√
S = 13 TeV
√
S = 14 TeV
σNLO [fb] δ [%] σNLO [fb] δ [%]
−3.3 0 0 0 0.745(3) 0.5 0.892(3) 1.6
−1.0 0 0 0 0.739(3) −0.3 0.884(3) 0.7
6.1 0 0 0 0.751(3) 1.3 0.887(3) 1.0
0 −3.1 0 0 0.811(3) 9.4 0.978(4) 11.4
0 −1.0 0 0 0.735(3) −0.8 0.875(3) −0.3
0 3.7 0 0 0.964(4) 30.1 1.180(4) 34.4
0 0 −7.2 0 1.618(7) 118.4 2.018(9) 129.8
0 0 −2.0 0 0.623(3) −15.9 0.763(3) −13.1
0 0 7.5 0 3.34(1) 350.7 4.02(2) 357.9
0 0 0 −7.2 0.660(3) −10.9 0.792(3) −9.8
0 0 0 −4.0 0.524(2) −29.3 0.637(3) −27.4
0 0 0 7.5 2.21(1) 198.2 2.61(1) 197.3
0 0 0 0 0.741(3) 0 0.878(3) 0
Table 1: The NLO QCD corrected integrated cross sections and the corresponding relative
discrepancies of the VBF Higgs pair production at the 13 and 14 TeV LHC for some typical
values of CBB , CWW , CΦ,2 and CΦ,3 within the single operator dominance hypothesis.
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and 3σ exclusion limits to study the constraints on the coefficients CΦ,2 and CΦ,3. We assume
that the new physics effect can be discovered and excluded if
∆σ(CΦ,i) ≥ 5×
√
σNLO(CΦ,i)L
L (21)
and
∆σ(CΦ,i) ≤ 3×
√
σNLO(CΦ,i)L
L , (22)
respectively, where ∆σ(CΦ,i) =
∣∣σNLO(CΦ,i)− σSMNLO∣∣ , (i = 2, 3) and L is the integrated lumi-
nosity. We discuss the 5σ discovery and 3σ exclusion limits via measuring the cross section of
the VBF Higgs pair production process including the sequential on-shell Higgs-boson decays of
H → bb¯. We define the leading b-jet (b1-jet) as the one with the largest transverse momentum
among the final four b-jets, In the discussion we collect the events by taking the constraint for
the leading b-jet as
200 GeV ≤ pT,b1 ≤ 600 GeV, |yb1 | ≤ 4.5 . (23)
and the transverse momentum and rapidity limits for the other three b-jets as
pT,b ≥ 20 GeV, |yb| ≤ 4.5 . (24)
Assuming the branch ratio of the Higgs boson decay H → bb¯ having the value same as in the
SM, and we obtain Br(H → bb¯) = 60.70% by adopting the program HDECAY [42] with the
input parameters from Eq.(17). Figs.4 (a) and (b) show the 5σ discovery and 3σ exclusion
regions on the L-CΦ,2 and L-CΦ,3 planes for the VBF Higgs pair production including H → bb¯
decays with the cut conditions of (23− 24) separately. In both figures the integrated luminosity
L is plotted in the ranges from 10fb−1 to 5000fb−1, and the light gray and dark gray regions
represent the parameter space where the effect of the corresponding dimension-six operator can
and cannot be observed, separately. We can read out from Fig.4(a) that, the OΦ,2 effect can
be observed when CΦ,2 < −3.8 TeV−2 or CΦ,2 > 2.2 TeV−2, and cannot be observed when
−3.0 TeV−2 < CΦ,2 < 1.5 TeV−2, for L = 600fb−1. We can also read out from Fig.4(b) that for
L = 600fb−1, the OΦ,3 effect can be observed when CΦ,3 > 2.8 TeV−2, and cannot be observed
when CΦ,3 < −4.7 TeV−2 or −2.7 TeV−2 < CΦ,3 < 1.7 TeV−2.
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Figure 4: The 5σ observation area (light gray) and the 3σ exclusion area (dark gray) for the
VBF process pp→ HH +X → bbb¯b¯+X with the cuts of Eqs.(23) and (24) at √S = 14 LHC.
(a) in the L-CΦ,2 space. (b) in the L-CΦ,3 space.
4.3 Kinematic distributions
Now we study the influences of the dimension-six operators OΦ,2 and OΦ,3 on the kinematic
distributions of the VBF Higgs pair production at the 14 TeV LHC within the single operator
dominance hypothesis. The relative discrepancy of the normalized differential cross section with
respect to the kinematic variable X is defined as
δΦ,i(X) ≡
(
1
σΦ,i
dσΦ,i
dX
− 1
σSM
dσSM
dX
)/(
1
σSM
dσSM
dX
)
, (i = 2, 3) . (25)
In Figs.5(a) and (b) we depict the normalized distributions of the Higgs pair invariant mass,
i.e., 1σ
dσ
dMHH
, at the 14 TeV LHC for the operators OΦ,2 and OΦ,3, separately. The relative
discrepancies δΦ,2(MHH) and δΦ,3(MHH) are depicted in the nether plots of Figs.5 (a) and (b),
respectively. We see from these figures that the two operators, OΦ,2 and OΦ,3, substantially
change the shapes of the MHH distributions correspondingly. The nether plot of Fig.5(a) shows
that δΦ,2(MHH) for CΦ,2 = 7.5 and −7.2 TeV−2 decrease gradually until they reach their minima
atMHH ∼ 550 and 400 GeV, respectively, and then increase further with the increment ofMHH .
In contrast, δΦ,3(MHH) for both CΦ,3 = 7.5 TeV−2 and CΦ,3 = −7.2 TeV−2 shown in the nether
panel of Fig.5(b) reach their maxima at MHH = 2MH . We may conclude that the Higgs pair
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Figure 5: The normalized distributions of the Higgs pair invariant mass and the corresponding
relative discrepancies for the VBF Higgs pair production at the 14 TeV within the single operator
dominance hypothesis. (a) the three curves are for the SM (black full line), CBB = CWW = CΦ,3 =
0, CΦ,2 = −7.2 TeV−2 (red dotted line) and CBB = CWW = CΦ,3 = 0, CΦ,2 = 7.5 TeV−2 (blue
dashed line). (b) the three curves are for the SM (black full line), CBB = CWW = CΦ,2 = 0,
CΦ,3 = −7.2 TeV−2 (red dotted line) and CBB = CWW = CΦ,2 = 0, CΦ,3 = 7.5 TeV−2 (blue
dashed line).
has more possibilities to be produced in high (low) MHH region via the VBF at the 14 TeV LHC
compared to the SM prediction if the dimension-six operator OΦ,2 (OΦ,3) dominates the new
physics beyond the SM. The shape of the MHH distribution for the VBF Higgs pair production
is helpful for determining the source of the new physics in the EFT.
The two final-state Higgs bosons are named as the first Higgs boson H1 and the second Higgs
boson H2 according to their transverse momenta, i.e., p
H1
T > p
H2
T . We present the normalized
transverse momentum distributions and the corresponding relative discrepancies of the two
Higgs bosons in Figs.6(a, b) and 7(a, b), respectively. From Fig.6(a) and Fig.7(a) we see
that the operator OΦ,2 induces substantial changes on the shapes of the normalized transverse
momentum distributions of both two Higgs bosons. The normalized pH1T (p
H2
T ) distributions
for both CΦ,2 = 7.5 TeV−2 and CΦ,2 = −7.2 TeV−2 are obviously enhanced in the region of
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Figure 6: The same as Fig.5 but for the transverse momentum distributions of H1.
pH1T > 300 GeV (p
H2
T > 200 GeV) compared to the SM prediction, and the corresponding
relative discrepancies are monotonically increasing functions of pH1T (p
H2
T ), particularly in high
transverse momentum region. Because the strength of triple Higgs self-interaction induced by
operator OΦ,2 is relevant to the momenta of the Higgs fields (see the H(∂µH)(∂µH) term in
Eq.(13)), the transverse momentum distributions of the two final Higgs bosons are apparently
enhanced in high pH1T and p
H2
T regions from the corresponding SM predictions (see Fig.6(a) and
Fig.7(a)). While Fig.6(b) and Fig.7(b) demonstrate that the impacts of the operator coefficients
CΦ,3 = 7.5 TeV−2 and CΦ,3 = −7.2 TeV−2 are small, they do not change the normalized SM pT
distribution shapes of the two final-state Higgs bosons in a noticeable way, and the corresponding
relative discrepancies are also relatively small and stable in the plotted pT region.
Figs.8(a,b) and Figs.9(a,b) provide the normalized rapidity distributions and the correspond-
ing relative discrepancies of the two final-state Higgs bosons, separately. We find that each
operator of OΦ,2 and OΦ,3 can induce noticeable changes on the shapes of the normalized ra-
pidity distributions of the two Higgs bosons for the VBF Higgs pair production at the 14 TeV
LHC. The influences from these two operators on the normalized rapidity distributions of H1
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Figure 7: The same as Fig.5 but for the transverse momentum distributions of H2.
and H2 are palpable, and alter the corresponding line-shapes of the distributions of H1 and H2
in a similar way. The relative discrepancies δΦ,i(y
Hj ) (i = 2, 3, j = 1, 2) reach their maxima at
yHj = 0 and decrease slowly with the increment of |yHj |.
We plot the normalized distributions of the leading b-jet transverse momentum (pb1T ) and the
corresponding relative discrepancies (δ) with the constraints of pT,b ≥ 20 GeV and |yb| ≤ 4.5 for
all the four final b-jets in Figs.10(a) and (b). Fig.10(a) provides the normalized pb1T distributions
for the SM and the BSM cases with {CBB = CWW = CΦ,3 = 0, CΦ,2 = −7.2 TeV−2} and
{CBB = CWW = CΦ,3 = 0, CΦ,2 = 7.5 TeV−2}. In Fig.10(b) the results are for the SM,
{CBB = CWW = CΦ,2 = 0, CΦ,3 = −7.2 TeV−2}, and {CBB = CWW = CΦ,2 = 0, CΦ,3 =
7.5 TeV−2} separately. From these figures we see that the non-zero coefficient CΦ,2 changes
the SM distribution line shape clearly, the normalized pb1T distributions with non-zero CΦ,2 are
obviously enhanced in the region of pb1T > 200 GeV in comparison with the SM prediction, while
suppressed in the region of pb1T < 200 GeV. From Fig.10(b) we see that the line-shape of the SM
normalized pb1T distribution is not affected by the non-zero coefficient CΦ,3 in a noticeable way.
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Figure 8: The same as Fig.5 but for the rapidity distributions of H1.
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Figure 9: The same as Fig.5 but for the rapidity distributions of H2.
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Figure 10: The same as Fig.5 but for the transverse momentum distributions of the final leading
b-jet b1.
5 Summary
Higgs self-couplings trigger the EWSB and are very important to reveal the nature of the Higgs
boson. We investigate the influences of the relevant dimension-six operators, especially OΦ,2 and
OΦ,3, on the VBF Higgs boson pair production the at the 13 and 14 TeV LHC. We included the
NLO QCD corrections in our analysis for the purpose of reduce the remaining scale dependence.
We find that the integrated cross section is particularly dependent on the dimension-six operators
OΦ,2 and OΦ,3, and its measurement is suitable for ascertaining the limitation ranges of the
coefficients CΦ,2 and CΦ,3. We systematically analyze the influences of these two dimension-
six operators on the shapes of the normalized distributions of MHH , p
H1
T , p
H2
T , y
H1 , yH2 and
the leading b-jet pb1T . We find that these kinematic distributions of the final Higgs bosons
are affected by both OΦ,2 and OΦ,3 operators. While the normalized pT distribution of the
leading b-jet is sensitive to operator OΦ,2, but not to operator OΦ,3. Particularly the OΦ,2
can induce expressly quite different distribution shapes from the corresponding SM prediction.
These features are very helpful in discriminating the signature of the new physics from the SM
20
background, and distinguishing which dimension-six operator initiates the physics beyond the
SM. The 5σ discovery and 3σ exclusion limits on the coefficients CΦ,2 and CΦ,3 by measuring the
VBF pp→ HH +X → bbb¯b¯+X process at the 14 TeV LHC are also discussed.
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